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3UHGLFWLRQRIF\FOLFIDWLJXHOLIHRI1L7LURWDU\ILOHVE\9LUWXDO0RGHOLQJDQG)LQLWH(OHPHQWV
$QDO\VLV
$6FDWWLQD0$ORYLVL'3DROLQR'3DVTXDOLQL16FRWWL*&KLDQGXVVL(%HUXWWL
8QLYHUVLW\RI7XULQ'HSDUWPHQWRI6XUJLFDO6FLHQFHV'HQWDO6FKRRO(QGRGRQWLFV7XULQ,WDO\
'HSDUWPHQWRI0HFKDQLFDODQG$HURVSDFH(QJLQHHULQJ3ROLWHFQLFRGL7RULQR7XULQ,WDO\
 ʹ
$EVWUDFW
,QWURGXFWLRQ )LQLWH HOHPHQW PHWKRG )(0 KDV EHHQ SURSRVHG DV D PHWKRG WR DQDO\]H VWUHVV
GLVWULEXWLRQLQQLFNHOWLWDQLXP1L7LURWDU\LQVWUXPHQWVEXWKDVQRWEHHQDVVHVVHGDVDPHWKRGRI
SUHGLFWLQJWKHQXPEHURIF\FOHVWRIDLOXUH1&)7KHREMHFWLYHRI WKLVVWXG\ZDVWRSUHGLFW1&)
DQGIDLOXUHORFDWLRQRI1L7LURWDU\LQVWUXPHQWVE\)(0YLUWXDOVLPXODWLRQRIDQH[SHULPHQWDOQRQ
VWDWLFIDWLJXHWHVW0DWHULDODQGPHWKRGV3UR7DSHU1H[W371;;;ILOHV1 HDFK
ZHUH WHVWHG WR IDLOXUH XVLQJ D FXVWRPL]HG IDWLJXH WHVWLQJ GHYLFH 7KH GHYLFH DQG ILOH JHRPHWULHV
ZHUHUHSOLFDWHGZLWKFRPSXWHUDLGHGGHVLJQ&$'VRIWZDUH&$'JHRPHWULHVJHRPHWULFDOPRGHO
ZHUHLPSRUWHGDQGGLVFUHWL]HGQXPHULFDOPRGHO7KHW\SLFDOPDWHULDOPRGHORIDQ0:LUHDOOR\
ZDV DSSOLHG 7KH QXPHULFDO PRGHO RI WKH GHYLFH DQG ILOH JHRPHWULHV ZHUH H[SRUWHG IRU ILQLWH
HOHPHQWDQDO\VLV)($0XOWLD[LDOUDQGRPIDWLJXHPHWKRGRORJ\ZDVXVHGWRDQDO\]HVWUHVVKLVWRU\
DQGSUHGLFWLQVWUXPHQWOLIH([SHULPHQWDOGDWDIURP371;DQG;ZHUHXWLOL]HGIRUYLUWXDOPRGHO
WXQLQJ WKURXJKD UHYHUVHHQJLQHHULQJDSSURDFKWRRSWLPL]HPDWHULDOPHFKDQLFDOSURSHUWLHV7XQHG
PDWHULDOSDUDPHWHUVZHUHXVHGWRSUHGLFWWKHDYHUDJH1&)DQGIDLOXUHORFDWLRQVRI371;E\)($
7WHVWV ZHUH XVHG WR FRPSDUH )($ DQG H[SHULPHQWDO ILQGLQJV P  5HVXOWV ([SHULPHQWDO
1&)DQG IDLOXUH ORFDWLRQVGLGQRWGLIIHU IURPWKRVHSUHGLFWHGZLWK)($P   &RQFOXVLRQ
)LOH1&)DQGIDLOXUHORFDWLRQPD\EHSUHGLFWHGE\)($9LUWXDOGHVLJQWHVWLQJDQGDQDO\VLVRIILOH
JHRPHWULHVFRXOGVDYHFRQVLGHUDEOHWLPHDQGUHVRXUFHVGXULQJLQVWUXPHQWGHYHORSPHQW

.H\ZRUGV
&6 FULWHULRQ ILQLWH HOHPHQW DQDO\VLV PXOWLD[LDO UDQGRP IDWLJXH 1L7L URWDU\ LQVWUXPHQW YLUWXDO
PRGHOLQJ


 ͵
,QWURGXFWLRQ
6LQFH WKHLU LQWURGXFWLRQ QLFNHOWLWDQLXP 1L7L URWDU\ LQVWUXPHQWV KDYH FRQVLGHUDEO\ VLPSOLILHG
HQGRGRQWLF SUDFWLFH E\ LPSURYLQJ VSHHG DFFXUDF\ DQG VDIHW\ GXULQJ URRW FDQDO VKDSLQJ  
&RQWLQXRXV HQKDQFHPHQWV LQ WKH GHVLJQ DQG PDQXIDFWXUH RI 1L7L URWDU\ LQVWUXPHQWV KDYH
VLJQLILFDQWO\UHGXFHGEXWQRWFRPSOHWHO\HOLPLQDWHGWKHRFFXUUHQFHRIIDLOXUHGXULQJFDQDOVKDSLQJ
  $OWKRXJK UDUH EUHDNDJH RI 1L7L URWDU\ LQVWUXPHQWV PD\ OHDG WR LQFRPSOHWH
FKHPRPHFKDQLFDOWUHDWPHQWRIWKHURRWFDQDOV\VWHPDQGKLQGHUKHDOLQJSDUWLFXODUO\LQWKHSUHVHQFH
RISUHH[LVWLQJDSLFDOUDGLROXFHQF\)XUWKHUPRUHH[FHVVLYHUHPRYDORIWKHWRRWKVWUXFWXUHFDQ
RFFXU GXULQJ IUDJPHQW HOLPLQDWLRQ SURFHGXUHV   :KLOH PDQ\ YDULDEOHV FDQ FRQWULEXWH WR
LQVWUXPHQWIDLOXUHWKHSULPDU\FDXVHVDUHF\FOLFEHQGLQJIDWLJXHDQGWRUVLRQDORYHUORDG7RUVLRQDO
RYHUORDGLVUHODWHGWRWKHULVNRIWDSHUORFNDQGLWVLQFLGHQFHPLJKWEHUHGXFHGE\SHUIRUPLQJJOLGH
SDWK DQG SUHOLPLQDU\ HQODUJHPHQW ± +RZHYHU 1L7L LQVWUXPHQW IDLOXUHV DUH PDLQO\ GXH WR
F\FOLFEHQGLQJIDWLJXHZKLFKRFFXUVZKHQD1L7LLQVWUXPHQWURWDWHVLQDFXUYHGURRWFDQDO±
'XULQJ URWDWLRQ WKH LQVWUXPHQW PDWHULDO LV DOWHUQDWLYHO\ VXEMHFWHG WR FRPSUHVVLYH DQG WHQVLOH
VWUHVVHV6XFKVWUHVVHVPD\LQLWLDWHFUDFNIRUPDWLRQDQGSURSDJDWLRQOHDGLQJWRHYHQWXDOIDLOXUH
,QVWUXPHQWVWKDWIDLOGXHWREHQGLQJIDWLJXHXVXDOO\H[KLELWQRVSHFLILFPDFURVFRSLFSDWWHUQV
DQGIDLOXUHPD\RFFXUZLWKRXWDQ\YLVLEOHZDUQLQJ&DQDOVKDSHLQVWUXPHQWJHRPHWU\
URWDWLRQDOVSHHGWRUTXHLQVWUXPHQWVXUIDFHWUHDWPHQWVDQGWKHFKHPLFDOFRPSRVLWLRQRI1L7LDOOR\V
DUHWKHPDLQIDFWRUVDIIHFWLQJWKHQXPEHURIF\FOHVWRIDLOXUH1&)RI1L7LURWDU\LQVWUXPHQWV
6WDQGDUGL]HGH[SHULPHQWDOFRQGLWLRQVDUHQRWSRVVLEOHIRUH[WUDFWHGWHHWKEXWVHYHUDO
VHOIGHVLJQHGGHYLFHVDQGPHWKRGVKDYHEHHQXVHGWRDVVHVV1&)RI1L7LURWDU\LQVWUXPHQWVLQYLWUR
 +RZHYHU WKHUH LV QR LQWHUQDWLRQDO VWDQGDUG IRU WHVWLQJ WKH F\FOLF IDWLJXH EHKDYLRU RI
HQGRGRQWLFURWDU\LQVWUXPHQWV LQYLWUR$WKUHHGLPHQVLRQDOFRPSXWHUL]HGDSSURDFKEDVHGRQ
WKHILQLWHHOHPHQWPHWKRG)(0±KDVEHHQUHFHQWO\SURSRVHGWRDQDO\]HVWUHVVGLVWULEXWLRQ
 Ͷ
LQEHQGLQJ IDWLJXH7KLVDSSURDFK WDNHVF\FOLF ORDGLQJFRQGLWLRQV LQWRFRQVLGHUDWLRQ EXW
PDNHVQRDWWHPSWWRSUHGLFW1&)
7KHREMHFWLYHRIWKLVVWXG\ZDVWRDVVHVVWKHSRVVLELOLW\RISUHGLFWLQJWKH1&)DQGIDLOXUHORFDWLRQ
RI 1L7L URWDU\ LQVWUXPHQWV E\ WKH YLUWXDO VLPXODWLRQ RI DQ H[SHULPHQWDO IDWLJXH WHVW QRQVWDWLF
ORDGLQJFRQGLWLRQE\WKH)(0

0DWHULDOVDQGPHWKRGV
3UR7DSHU1H[W371;;DQG;ILOHV1 HDFKPPLQOHQJWKZHUHWHVWHGWRIDLOXUH
XVLQJ D WHPSHUHG VWHHO IDWLJXH WHVWLQJ GHYLFH GHYHORSHG E\ 'HQWVSO\ 0DLOOHIHU /DERUDWRULHV
%DLOODJXHV 6ZLW]HUODQG ZKLFK SURGXFHG D UHSURGXFLEOH VLPXODWLRQ RI URWDU\ LQVWUXPHQWDWLRQ
ZLWKLQDFXUYHGFDQDO7HVWLQJFRQILJXUDWLRQVDGRSWHGIRUHYHU\ILOH W\SHDUHUHSRUWHG LQ)LJXUH
DQG7DEOH 7HVWLQJ FRQILJXUDWLRQV IRU ILOH; DQG ILOHV; DQG;GLIIHUZLWK UHVSHFW WR FDQDO
GHSWKDQGWKHSRVLWLRQRIWKHFXUYDWXUHFHQWHURIWKHFRPSRQHQWVLPXODWLQJWKHLQQHUFDQDOZDOO7KH
WHVWLQJGHYLFHLVFRYHUHGZLWKDJODVVRUVWHHOHOHPHQWLQRUGHUWRSUHYHQWWKHILOHOHDYLQJWKHFDQDO
GXULQJ URWDWLRQ (DFK ILOHZDV LQVHUWHG OHDYLQJ WKH QRQFXWWLQJ WLS RXWVLGH WKH FDQDO DQG URWDWLRQ
LQLWLDWHGZLWKDQHOHFWULFPRWRU;6PDUW'HQWVSO\0DLOOHIHUDWWKHVXJJHVWHGVHWWLQJVUSP
1FP7LPHWRIDLOXUHZDVUHFRUGHGDQGFRQYHUWHGWR1&)([SHULPHQWDOWHVWVZHUHFDUULHGRXWE\
'HQWVSO\0DLOOHIHU/DERUDWRULHVWHVWHGILOHVZHUHSKRWRJUDSKHGZLWKDGLJLWDOFDPHUDDIWHUIDLOXUH
&DQRQ(26'0S[UHVROXWLRQ,62IVDQGIDLOXUHORFDWLRQVZHUHPHDVXUHGLQ
PLOOLPHWHUVIURPWKHWLSRIWKHLQVWUXPHQWLPDJHDQDO\VLVFDOLSHU
7KH FXVWRPL]HG IDWLJXH WHVWLQJ GHYLFH DQG ILOH JHRPHWULHV ZHUH FRPSXWHUUHSOLFDWHG videoclip
virtual device.mov ZLWK &RPSXWHU $LGHG 'HVLJQ &$' VRIWZDUH 6ROLG:RUNV  'DVVDXOW
6\VWHPV:DOWKDP0DVVDFKXVHWWV86$&$'JHRPHWULHVJHRPHWULFDOPRGHOZHUHLPSRUWHGLQD
SUHSRVWSURFHVVRU$OWDLU+\SHUPHVK7UR\0,86$DQGGLVFUHWL]HGQXPHULFDOPRGHO7KH
 ͷ
PDLQERG\RIHDFKILOHZDVPRGHOHGZLWKEULFNHOHPHQWVZLWKDQDYHUDJHVL]HRIPP
)LJ7KHWLSDQGQHFNRIWKHILOHZHUHPRGHOHGZLWKWHWUDKHGUDOHOHPHQWVZLWKWKHVDPHDYHUDJH
GLPHQVLRQV7KHW\SLFDOPDWHULDOPRGHORIDQ0:LUHDOOR\1L7LDOOR\WDNHQIURPWKHOLWHUDWXUH
ZDVDSSOLHG7KHWHVWLQJGHYLFHZDVPRGHOHGZLWKVKHOOHOHPHQWDQGZDVFRQVLGHUHGD
ULJLGPDWHULDO&RQWDFWEHWZHHQWKHILOHDQGWKHWHVWLQJGHYLFHZDVLQWURGXFHGZLWKDSHQDOW\FRQWDFW
IRUPXODWLRQ LPSOHPHQWHG LQ /6'\QD /6'\QD 5 /LYHUPRUH 86$ 7KH SHQDOW\ PHWKRG
LQWURGXFHVDIRUFHDWWKHFRQWDFWGHWHFWLRQSRLQWVWKDWKDVSHQHWUDWHGDFURVVWKHWDUJHWVXUIDFHZLWK
WKH H[SUHVV SXUSRVH RI HOLPLQDWLQJ WKH SHQHWUDWLRQ  7KH QXPHULFDOPRGHO RI WKH FXVWRPL]HG
IDWLJXHWHVWLQJGHYLFHDQGWKHILOHJHRPHWULHVZHUHH[SRUWHGLQWRWKHILQLWHHOHPHQW)(VROYHU/6
'\QD 5 /LYHUPRUH 86$ IRU ILQLWH HOHPHQW DQDO\VHV )($ 7KH )($ DLPHG WR PLPLF WKH
H[SHULPHQWDOWHVWFDUULHGRXWZLWKWKH0DLOOHIHUFXVWRPL]HGIDWLJXHWHVWLQJGHYLFH7KHILOHLQUHVW
FRQILJXUDWLRQ VWUDLJKW ILOH ZDV LQVHUWHG LQWR WKH WHVWLQJ GHYLFH DQG WKHQ EHQW E\ WKH VLPXODWHG
FDQDOZDOOVULJLGVKHOOHOHPHQWV,WZDVILQDOO\SXWLQWRURWDWLRQDWUSP7KHVWUHVVVWDWHLQWKH
EULFN HOHPHQWV RI HDFK ILOH PRGHO ZDV UHFRUGHG HYHU\  V IRU  V videoclip: X1_stress.mov, 
X2_stress.mov, X3_stress.mov,
7UDGLWLRQDOOLIHSUHGLFWLRQPHWKRGVGHYHORSHGIRUXQLD[LDOYDULDEOHDPSOLWXGHORDGLQJFRXOGQRWEH
XVHGLQWKLVVWXG\GXHWRWKHFRPSOH[LW\RIWKHVWUHVVVWUDLQVWDWHDQGWKHORDGLQJKLVWRU\RYHUWLPH
PXOWLD[LDO UDQGRP ORDGLQJ(OHPHQW VWUHVVKLVWRU\PXVWEHDQDO\]HGE\DSSO\LQJDQDSSURSULDWH
PXOWLD[LDO UDQGRP IDWLJXH 05) FULWHULRQ )HZ PHWKRGRORJLHV FRQFHUQLQJ 05) KDYH EHHQ
SURSRVHGDQG UHVHDUFKRQ WKH WRSLF LV VWLOO LQSURJUHVV$ UHFHQW05)PHWKRGRORJ\SURSRVHGE\
&DUSLQWHULHWDODQGQDPHGWKH&6FULWHULRQZDVDGRSWHGLQWKLVVWXG\LQRUGHUWRDQDO\]HWKH
VWUHVV KLVWRU\ RI HDFK ILOH HOHPHQW 7KH &6 FULWHULRQ ZDV LPSOHPHQWHG LQ 0DWODE  7KH
0DWK:RUNV ,QF1DWLFN0$ZLWK WKHDVVXPSWLRQ WKDW WKHVWUHVVKLVWRU\ UHFRUGHG LQ WKH ILUVW V
ZDVLGHQWLFDOO\UHSHDWHGXQWLOIDLOXUH7KH&6FULWHULRQZDVXVHGWRFDOFXODWHWKHWLPHWRIDLOXUHIRU
HDFKEULFNHOHPHQWDQGDVDFRQVHTXHQFHWRSUHGLFWWKHILOH1&)WKHPLQLPXP1&)LQWKHILOH
 ͸
7KH PHFKDQLFDO SURSHUWLHV RI D PDWHULDO DUH QRW SURYLGHG DQG WKH LQIOXHQFH RI PDQXIDFWXULQJ
VXUIDFHGHIHFWVFDQQRWEHHYDOXDWHGDSULRUL$VDFRQVHTXHQFHDUHYHUVHHQJLQHHULQJDSSURDFKIRU
PRGHO WXQLQJ ZDV DGRSWHG WR REWDLQ WKH UHTXLUHG LQIRUPDWLRQ 6HYHUDO PDWHULDO SURSHUWLHV ZHUH
WDNHQ LQWR DFFRXQW WKURXJK WKH0DWODEPRGHO DQGZHUH WXQHG WRPDWFK WKH H[SHULPHQWDO1&)RI
371 ; DQG ; ILOHV 0DWHULDO SDUDPHWHUV ZHUH DOWHUHG WKURXJK DQ RSWLPL]DWLRQ DOJRULWKP
LPSOHPHQWHGLQ0DWODELQRUGHUWRUHGXFHWKHGLIIHUHQFHEHWZHHQWKHILOH1&)REWDLQHGZLWK
)(0 DQG WKH H[SHULPHQWDO 1&) 7KH WXQHG PDWHULDO SDUDPHWHUV ZHUH WKHQ XVHG WR SUHGLFW WKH
DYHUDJH1&) RI 371; ILOH ZLWK )($ )DLOXUH ORFDWLRQV IRU HDFK ILOH W\SHZHUH UHFRUGHG DQG
FRPSDUHG ZLWK WKH IDLOXUH ORFDWLRQV RI WKH ILOHV SKRWRJUDSKHG DIWHU IDLOXUH LQ WKH 0DLOOHIHU
FXVWRPL]HGIDWLJXHWHVWLQJGHYLFH7WHVWVZHUHSHUIRUPHGWRFRPSDUH)($DQGH[SHULPHQWDOUHVXOWV
3 

5HVXOWV
7KHPDLQUHVXOWVRIWKHDQDO\VHVDUHSUHVHQWHGLQ7DEOH
1&)RI371;DQG;ILOHVZDVXVHGIRUWKHWXQLQJRIPDWHULDOSDUDPHWHUVLQYROYHGLQWKH&6
FULWHULRQ 7KHLU 3YDOXHV IRU WKH 1&) ZHUH VXEVHTXHQWO\ H[WUHPHO\ ODUJH 3    DQG 
UHVSHFWLYHO\7KHUHZDVDOVRQRVLJQLILFDQFHLQWKH1&)RIWKH371;ILOH3 7KHUHIRUH
QR VLJQLILFDQW VWDWLVWLFDO GLIIHUHQFH ZDV IRXQG EHWZHHQ WKH H[SHULPHQWDO 1&) DQG WKH 1&)
SUHGLFWHGE\)($
,Q DGGLWLRQ QR VLJQLILFDQW VWDWLVWLFDO GLIIHUHQFH ZDV IRXQG EHWZHHQ WKH H[SHULPHQWDO IDLOXUH
ORFDWLRQVDQGWKHIDLOXUHORFDWLRQVSUHGLFWHGE\)($3 IRU371;ILOH3 IRU371
;ILOHDQG3 IRU371;ILOH
3RVVLEOH IDLOXUH ORFDWLRQV SUHGLFWHG ZLWK )($ WRJHWKHU ZLWK WKH H[SHULPHQWDO IDLOXUH ORFDWLRQV
REWDLQHG IURP WKH SKRWRJUDSKHG ILOHV DUH VKRZQ LQ )LJXUH  )RU HYHU\ ILOH W\SH YHUWLFDO OLQHV
 ͹
LQGLFDWHFRQILGHQFHLQWHUYDOVRIWKHH[SHULPHQWDOIDLOXUHORFDWLRQVZKLOHWKHKLJKOLJKWHGSRLQW
GHQRWHVWKHORFDWLRQRIWKHHOHPHQWZLWKWKHVPDOOHVW1&)ZKHUHWKHSUHGLFWHGIDLOXUHRFFXUUHG

'LVFXVVLRQ
0XOWLD[LDOORDGLQJXVXDOO\DFWVRQ1L7LURWDU\LQVWUXPHQWVGXULQJVKDSLQJDVDUHVXOWRIWKH
VLPXOWDQHRXV SUHVHQFH RI EHQGLQJ DQG WRUVLRQ *LYHQ D ILOH W\SH JHRPHWU\ DQG PDWHULDO WKH
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Dimensions X1 X2, X3 
RA [mm] 5 5 
RB [mm] 4.6 4.6 
alpha [°] 78 78 
a [mm] 6 6 
b [mm] 7 7 
c [mm] 1 1 
p [mm] 0,6 0,8 
XCB [mm] + 0,18 + 0,04 
YCB [mm] - 0,04 - 0,45 
 
Table 1
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
 Cyclic fatigue test FEA P 
Instrument NCF Fracture length* NCF Fracture length NCF Fracture length 
X1 
671 ± 170 
[592;751] 
5.59 ± 0.38 
[5.41;5.79] 
605 5.77 0.10 0.15 
X2 
522 ± 67.2 
[491;553] 
5.46 ± 0.50 
[5.23;5.69] 
518 5.46 0.89 0.99 
X3 
334 ± 61.1 
[305;362] 
5.44 ± 0.16 
[5.37;5.51] 
329 5.40 0.78 0.48 
 
Tab. 2 FEA= finite element analysis; NCF = number of cycles to failure (mean ± SD; in square 
brackets, 95% confidence interval for the mean); *Length and location from the file tip in mm 
(mean ± SD). 
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